AD-A231  151 


GL-TR-90-0204 


Probability  Estimates  of  Cloud-Obscured  Line-of-Sight 


Wayne  S.  Hering 


University  of  California,  San  Diego 
Marine  Physical  Laboratory 
San  Diego,  CA  92152-6400 


30  May  1990 


Scientific  Report  No.  2 


APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  UNLIMITED 


i  GEOPHYSICS  LABORATORY 

AIR  FORCE  SYSTEMS  COMMAND 
UNITED  STATES  AIR  FORCE 

*  HANSCOM  AIR  FORCE  BASE,  MASSACHUSETTS  01731-5000 


FOR  THE  COMMANDER 


k£ 


'EGBERT  A.  McCLATCHEY,  Director 
Atmospheric  Sciences  Division 


This  report  has  been  reviewed  by  the  ESD  Public  Affairs  Office  (PA)  and  is 
releasable  to  the  National  Technical  Information  Service  (NTIS) . 


Qualified  requestors  may  obtain  additional  copies  from  the  Defense  Technical 
Information  Center.  All  others  should  apply  to  the  National  Technical 
Information  Service. 


If  your  address  has  changed,  or  if  you  wish  to  be  removed  from  the  mailing 
list,  or  if  the  addressee  is  no  longer  employed  by  your  organization,  please 
notify  GL/IMA,  Hanscom  AFB,  MA  01731.  This  will  assist  us  in  maintaining 
a  current  mailing  list. 


Do  not  return  copies  of  this  report  unless  contractual  obligations  or  notices 
on  a  specific  docoment  requires  that  it  be  returned. 


REPORT  DOCUMENTATION  PAGE 


Form  Appiovtid 
OMBNo.  0704  0188 


i i  c  ropoMi^j  hufdon  tor  Ihis  colled  ton  ot  mformauon  is  estimaled  to  average  1  hour  per  response.  Including  the  time  ‘or  reviewing  instructions,  searching  existing  data  sources, 
ga'renng  and  mnta  ntatnmg  the  data  needed,  and  completing  and  reviewing  the  collection  of  Infori  'atlon.  Send  comments  regarding  this  burden  estimate  or  any  oilier  aspoct  ot 
t*>'$  coi’echon  o’  information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services.  Directorate  for  Information  Operations  and  Reports,  1 2 1  *> 
Je^erson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-188),  Washington,  DC  20503 


1.  Agency  Use  Only  (Leave  blank). 


4.  Title  and  Subtitle. 


2.  Report  Date. 

30  May  1990 


3.  Report  Type  and  Dates  Covered. 

Scientific  No.  2 


Probability  Estimates  of  Cloud-Obscured  Linc-of-Sight 


6.  Author(s). 


Wayne  S.  Hering 


5.  Funding  Numbers 

FI  9628-8 8-K- 0005 

Program  Element  No.  63707  F 
Project  No  6670 
Task  No.  09 


7.  Performing  Organization  Name(s)  and  Address(es). 

University  of  California*  San  Diego 
Marine  Physical  Laboratory 
San  Diego,  CA  92152-6400 


9.  Sponsoring/Monitoring  Agency  Name(s)  and  Addresses). 

Geophysics  Laboratory 
Hanscom  AFB,  MA  01731-5000 


8.  Performing  Organization 
Report  Number. 

SIO  Ref  90-28 


MPL-U-46/91 


10.  Sponsoring/Monitoring  Agency 
Report  Number. 

GL-TR-90-0204 


Contract  Manager:  J.  W.  Snow/LYS 


11. Supplementary  Notes. 


12a.  Distribution/Availability  Statement. 


Approved  for  public  release,  distribution  unlimited 


12b.  Distribution  Code. 


13.  Abstract  (Maximum  200  words). 

The  purpose  of  this  study  is  to  explore  the  basic  relationships  between  the  climatic  frequency  distribution  of  sky  cover  and 
the  frequency  and  duration  of  Cloudy-Lines-of-Sight  (CLOS)  from  one  or  more  ground  sites  to  points  in  space.  Through  a  series 
of  model  calculations,  estimates  arc  made  of  the  incremental  changes  in  CLOS  persistence  and  recurrence  that  correspond  to 
changes  in  the  climatic  frequency  of  overcast,  broken,  scattered  and  clear  sky  conditions. 

The  determination  of  CLOS  recurrence  and  persistence  probability  were  made  using  the  bivariate  normal  distribution^scc^ 
The  analytic  stochastic  model  is  based  upon  the  Omstein-Uhlenbeck  class  of  the  simple  Markov  process.  A 
discussion  of  the  procedures  for  modeling  CLOS  behavior  is  given  in  a  previous  report  fHeiing,1989j^ 

Model  results  arc  presented  for  CLOS  as  a  function  of  sky  cover  and  path  of  sight,  CLOS  recurrence  and  persistence  probability 
relative  to  fixed  categories  of  sky  cover,  and  both  single  and  multiple  site  CLOS  recurrence  and  persistence  probabilities. 


14.  Subject  Terms. 

Cloudy  Linc-of-SighJ(CLOS),  Cloud-Free  Line-of-Sight/(CFLOS), 
CLOS  Persistence  Probabilities,  Joint  Occurrences  of  CLOS, 

CLOS  Recurrence  Probabilities 


17.  Security  Classification  of  18.  Security  Classification  19.  Security  Classification 

Report.  of  This  Page.  of  Abstract. 

Unclassified  Unclassified  Unclassified 


15.  Number  of  Pages. 
12 


16.  Price  Code. 


20.  Limitation  of  Abstract. 


NSN  7540  01-280  SSOO 


Stodotd  F<ym  298  (R*v  2  89) 
'3»i6 

29*  1rt2 


TABLE  OF  CONTENTS 


Page 


1.0  Introduction  .  1 

2.0  Modeling  Procedures .  1 

3.0  CLOS  As  A  Function  of  Sky  Cover  and  Path  of  Sight .  2 

4.0  CLOS  Recurrence  and  Persistence  Probability  Relative  to 

Fixed  Categories  of  Sky  Cover .  3 

5.0  Single  Site  CLOS  Recurrence  and  Persistence  Probability . 4 

6.0  Multiple  Site  of  CLOS  Recurrence  and  Persistence  Probability .  5 

7.0  Summary .  6 

8.0  Acknowledgements .  7 

9.0  References .  7 


LIST  OF  TABLES 


Table#  Table  Title  Page 

1  Model  calculations  of  the  conditional  cumulative  frequency 

distribution  of  sky  cover  following  the  occurrence  of  a  cloudy 

path  of  sight  at  zenith  angle  30  deg .  4 

2  Model  calculations  of  the  probability  that  an  episode  of  continuous 

cloudy  line  of  sight  will  occur  as  a  function  of  duration  for  selected 

climatic  frequency  distributions  of  sky  cover. .  5 


LIST  OF  ILLUSTRATIONS 


Fig.  #  Figure  Title  Page 

1  Probability  of  a  cloud-free  line-of-sight  as  a  function  of  sky-cove.' 

calculated  using  analytic  expressions  given  by  Allen  and  Malick  (1983) .  2 

2  Model  calculations  of  the  joint  probability  that  a  cloudy  path  of  sight  at 

zenith  angle  30  deg  will  occur  at  time  zero  and  recur  after  time  interval  t 

for  broken  and  scattered  sky  cover .  3 

3  Model  calculations  of  ihe  probability  that  a  cloudy  path  of  sight  at  zenith 

angle  30  deg  will  occur  continuously  for  time  interval  t  for  broken  and 

scattered  sky  cover. .  3 

4  Probability  that  a  cloudy  path  of  sight  will  occur  and  then  recur  after  time 

interval  t .  4 

5  Model  calculations  of  the  probability  of  joint  occurrence  of  CLOS-30  at  2 

sites  as  a  function  of  site  separation  distance .  5 

6  Comparison  of  downtime  frequency  as  a  function  of  duration  for  particular 

climatic  frequency  distributions  of  sky  cover. .  6 

7  Comparison  of  downtime  frequency  as  a  function  of  duration  for 

1-,  2-,  and  3-  site  networks .  6 

8  Comparison  of  downtime  frequency  for  2-sites  as  a  function  of  duration 

for  site  separation  distances  of  1 00  and  500  mi .  6 


1.0  INTRODUCTION 

The  purpose  of  this  study  is  to  explore  the  basic 
relationships  between  the  climatic  frequency  distribu¬ 
tion  of  sky  cover  and  the  frequency  and  duration  of 
Cloudy-Lines-of-Sight  (CLOS)  from  one  or  more 
ground  sites  to  points  in  space.  The  determination  of 
CLOS  probability  is  of  particular  importance  for  the 
assessment  of  expected  downtime  of  ground-based 
laser,  optical  data  link  and  orbital  surveillance  systems. 
Through  a  series  of  model  calculations,  estimates  are 
made  of  the  incremental  changes  in  CLOS  persistence 
and  recurrence  that  correspond  to  changes  in  the  climatic 
frequency  of  overcast,  broken,  scattered  and  clear  sky 
conditions. 

The  model  calculations  of  CLOS  behaviorare  of  the 
following  type: 

a.  Given  the  climatic  frequency  of  sky  cover  at  a 
selected  ground  site,  what  is  the  likelihood  that  a  path 
of  sight  with  zenith  angle  0 

1 )  will  be  obscured  by  clouds? 

2)  will  be  obscured  by  clouds  at  a  particular 
time  and  then  be  obscured  by  clouds  again  after 
time  interval  t? 

3)  will  be  obscured  by  clouds  continuously 
over  time  interval  t? 

b.  Given  the  climatic  frequency  distribution  of  sky 
cover  at  a  group  of  selected  ground  sites,  what  is  the 
joint  occurrence  frequency  and  joint  persistence 
probability  of  CLOS  events  such  as  those  listed  in  (1), 
(2)  and  (3)  above  as  a  function  of  site  separation 
distance  d? 

2.0  MODELING  PROCEDURES 

The  determination  of  CLOS  recurrence  and  per¬ 
sistence  probability  in  this  study  were  made  using  the 
bivariate  nonnal  distribution  (sec  Gringorten,  1972). 
The  analytic  stochastic  model  is  based  upon  the 
Omstcin-Uhlenbeck  class  of  the  simple  Markov  pro¬ 
cess.  A  discussion  of  the  procedures  for  modeling 
CLOS  behavior  is  given  in  a  previous  report  (Hering, 
1989). 

Markov  model  determ  inations  of  event  probnbi  litics 
are  made  through  initial  conversion  of  climatic  fre¬ 
quency  distributions  of  sky  cover  into  corresponding 
values  of  Equivalent  Normal  Deviate  (END).  The 
transformation  for  any  cumulative  frequency  distri¬ 
bution  can  be  made  using  standard  statistical  tables  or 
by  computationally  fast  algorithms. 


The  fundamental  modeling  assumption  is  that  the 
autocorrelation  coefficients  for  sky  cover  decay  expo¬ 
nentially  with  time  or  distance.  Also,  the  correlation 
coefficient  for  CLOS  under  fixed  sky  cover  conditions 
is  assumed  to  decay  exponentially  with  time.  The 
expression  forthc  temporal  autocorrelation  coefficient 
is  simply 

p,  =  exp  (-1/T) ,  (1) 

where  t  is  elapsed  time  and  x  is  the  preselected  relax¬ 
ation  time.  The  corresponding  expression  for  the 
spatial  autocorrelation  coefficient  is 

pd  -  exp  (-d/D) ,  (2) 

where  d  is  the  site  separation  distance  and  D  is  the  input 
value  for  the  relaxation  distance.  These  correlation 
functions  are  used  in  determining  recurrence  prob¬ 
abilities. 

In  this  study,  nominal  input  values  were  used  forsky 
cover  relaxation  time  (16  hours),  sky  cover  relaxation 
distance  (500  mi)  and  CLOS  relaxation  time  (30  min). 
The  effects  of  uncertainties  in  these  values  will  be 
assessed  in  association  with  some  of  the  results  as 
tabulated  below. 

Themodcling  procedures  (Hering,  1989)  arc  simple 
and  easy  to  apply.  The  transformation  to  the  equivalent 
normal  deviate  values  are  exact  for  any  climatic  cu¬ 
mulative  frequency  distribution.  Oncemade.tlic  model 
estimates  of  joint  event  (recurrence)  probability  arc 
given  by  a  simple  regression  equation  for  the  bivariate 
normal  distribution  as  follows: 


yt  =  Pt  yo  +  -V1-P?  Ht  (3) 

where  %  is  the  END  corresponding  to  the  conditional 
probability  Pr  (y  <  yt  I  y0),  and  y0  and  yt  arc  END 
equivalents  of  the  cumulative  frequency  of  the  initial 
and  final  events,  respectively.  Thus,  the  expression 
yields  the  conditional  probability  of  a  weather  event 
following  a  prescribed  initial  condition. 

The  value  of  y0  in  Eq.  3  is  defined  uniquely  for 
continuous  variables  by  the  cumulative  frequency 
distribution  at  the  initial  time.  For  variables  expressed 
only  in  categories,  such  as  sky  cover  amount,  it  is 
important  to  subJI .  .dc  the  category  probability  range 
into  subsets  with  smaller  but  equal  ranges.  The  cal¬ 
culations  of  conditional  probability  should  be  carried 
out  in  turn  uung  each  of  the  subset  midpoints  as  y0  and 
the  results  avert. jed  to  yield  the  composite  result  for 
the  sky-cover  category.  Experience  shows  that  divi¬ 
sion  into  6  subsets  is  sufficient  for  good  results. 
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A  mathematical  solution  of  persistence  probability 
for  the  bivariate  normal  distribution  is  given  by  Keilson 
and  Ross  (1975).  Since  the  computer  routine  for  the 
formal  solution  is  lengthy,  an  alternative  analytical 
solution  was  developed  for  the  CLOS  determinations 
which  provides  reliable  approximation  of  the  formal 
solution  over  the  desired  range  of  output.  The  Keilson- 
Ross  solution  for  the  case  where  the  climatic  cumulative 
frequency  of  the  weather  event  is  50  percent  is  simply 

F0  =  (1/rt)  sin-1  (exp  -t/x)  (4) 

where  F0  is  the  unconditional  probability  that  y  <  y0 
throughout  the  time  interval  t. 

The  solutions  for  y0  *  0  in  this  study  were  ap¬ 
proximated  by 


fr  (y0)  =  f(F0)  +  y0  (l+0.13e  a9t/t) 

1'  -2  2  y0  22* 

[o<e-°‘9t/T  23J  (5) 

where  fr  (y0)  is  the  END  corresponding  to  the  prob¬ 
ability  that  y  £  y0  throughout  the  time  interval,  f  (F0)  is 
the  END  of  F0  in  Eq.  4,  and  y0  is  the  unconditional 
probability  of  the  weather  event.  In  contrast  with  Eq. 
2  for  recurrence  probability,  the  persistence  expression 
(Eq.  5)  assumes  that  the  climatic  frequency  of  the  event 
remains  the  same  throughout  the  interval. 

The  sequence  of  four  steps  for  the  determination  of 
CLOS  recurrence  and  persistence  for  both  single  and 
multiple  sites  is  as  follows: 

a.  calculation  of  CLOS  probability  as  a  function  of 
zenith  angle  0  and  particular  category  of  sky  cover 
amount, 

b.  calculation  of  CLOS  recurrence  and  persistence 
probability  as  a  function  of  time  interval  for  specific 
individual  categories  of  sky  cover, 

c.  calculation  of  sky-cover  amount  recurrence  and 
persistence  probability  as  a  function  of  time  interval, 
site  separation  distance,  and  the  climatic  frequency 
distribution  of  sky  cover. 

d.  given  a,  b  and  c,  calculation  of  the  recurrence  and 
persistence  probability  of  CLOS  at  a  single  site  and  for 
simultaneous  recurrence  and  persistence  of  CLOS  at 
multiple  sites  as  a  function  of  sky-cover  frequency 
distribution,  time  interval  and  site  separation. 


3.0  CLOS  AS  A  FUNCTION  OF  SKY  COVER 
AND  PATH  OF  SIGHT 

The  first  ot  many  approximations  in  the  modeling 
process  deals  vrth  the  systematic  increase  in  cloud 
obscuration  as  the  path  of  sight  shifts  from  overhead  to 
a  direction  nearer  the  horizon  in  partial  sky  cover 
conditions.  In  this  study  the  Allen  and  Malick  (1983) 
approximation  is  used  which  represents  a  composite 
result  for  all  cloud  types.  The  expressions  for  the 
probability  of  a  cloud-free  line-of-sight  Pr  (s,  0)  as  a 
function  of  fractional  sky  cover,  s,  and  zenith  observ¬ 
ing  angle,  0,  are  as  follows: 

Pr(S,0)  =  Psd+btan0) 

where 

Ps  =  l-s(l  +  3s)/4, 
and 

b  =  0.55  -  s/2. 

The  probability  of  CLOS  is,  of  course,  1  -  Pr  (s,  0). 

The  determinations  of  CLOS  probability  in  this 
study  wei  .*  made  for  a  zenith  viewing  angle  of  30  deg. 
Notice  in  Fig.  1  that  the  model  approximation  for  0  = 
30  deg  represents  the  overhead  portion  of  the  sky  dome 
from  zenith  down  to  0  =  50  deg  to  within  a  few  per¬ 
centage  points  over  the  full  range  of  sky  cover. 


(6) 

(7) 

(8) 


Fig.  1.  Probability  of  a  eloud-free  line-of-sight  as  a  function 
of  sky-cover  calculated  using  analytic  expressions  given  by 
Allen  and  Malick  (1983).  Values  are  shown  for  7.enith 
angles  (0)  equal  to  0, 30,  and  50  deg. 

It  is  important  to  note  that  in  addition  to  expected 
variations  with  cloud  type,  Eq.  6  also  ignores  system¬ 
atic  variations  of  cloud  cover  with  the  azimuth  of  the 
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path  of  sight.  For  example,  clouds  tend  to  form  and 
persist  over  nearby  hills  during  the  daytime  at  particu¬ 
lar  ground  sites,  and  clouds  may  be  more  prevalent 
over  the  ocean  than  land  at  coastal  sites.  To  the  extent 
that  these  effects  can  be  defined,  they  can  and  should  be 
factored  into  the  modeling  process. 


4.0  CLOS  RECURRENCE  AND  PERSIS¬ 
TENCE  PROBABILITY  RELATIVE  TO  FIXED 
CATEGORIES  OF  SKY  COVER 

Trial  calculations  of  CLOS  recurrence  and  persis¬ 
tence  probability  were  made  assuming  continuous 
occurrence  of  scattered  sky  cover  (1  to  5  tenths),  and 
also  for  continuous  occurrence  of  broken  sky  cover  (6 
to  9  tenths).  An  even  frequency  distribution  of  cloud 
cover  in  tenths  was  assumed  within  each  of  the  two 
broad  categories,  which  is  commensurate,  in  general, 
with  detailed  climatic  summaries  of  sky  cover  for 
individual  sites.  The  determinations  based  on  the 
broad  classes  of  sky  cover  were  motivated  in  part  by  the 
fact  the  climatic  summaries  for  many  ground  sites  are 
limited  to  overcast,  broken,  scattered  and  clear  cat¬ 
egories.  However,  the  calculations  were  carried  out  for 
the  intfividu't!  subclasses  in  tenths  of  sky  cover  and 
then  summed  and  averaged  to  yield  the  results  for  the 
broad  sky-cover  categories. 

Using  Eqs.  1 , 3  and  6,  determinations  were  made  of 
the  frequency  that  a  cloud  obscured  line  of  sight  at 
zenith  angle  30  deg.  (CLOS-30)  will  occur  and  then 
will  recur  after  time  interval  t  for  the  scattered  and  for 
the  broken  sky  cover  categories.  The  results  are  shown 
in  Fig.  2.  A  nominal  cloud  element  relaxation  time,  xc, 


Fig.  2.  Model  calculations  of  the  joint  probability  that  a 
cloudy  path  of  sight  at  zenith  angle  30  deg  will  occur  at  time 
zero  and  recur  after  time  interval  t  for  broken  and  scattered 
sky  cover. 


of  30  min  was  assumed.  As  discussed  in  Hcring 
(1989),  the  value  of  xc  is  dependent  upon  the  arrange¬ 
ment,  size,  development  and  translation  speed  of  the 
individual  clouds  visible  to  the  ground  observer.  The 
sensitivity  of  the  calculations  to  variations  in  assumed 
relaxation  time  may  be  assessed  readily  by  time  scale 
adjustment  in  Fig.  2.  Forexample  from  Eq.  1 ,  achange 
in  tc  from  30  min  to  20  min  would  change  30  min  on 
the  abscissa  to  20  min,  15  to  10  and  so  on. 

The  overall  unconditional  probability  that  CLOS- 
30  will  be  observed  with  broken  sky  cover  is  65.2 
percent  and  18.6  percent  with  scattered  sky-cover.  The 
joint  occurrence  frequency  at  time  zero  and  again  after 
a  sufficiently  long  time  interval,  t,  when  the 
autocorrelation  coefficient  is  negligible  (about  4  xc)  is 
given  by  the  square  of  the  initial  unconditional  prob¬ 
ability  or  42.5  percent  for  broken  sky  cover  and  3.5 
percent  for  scattered  sky  cover.  Application  of  the 
Markov  model  simply  determines  the  rate  of  decrease 
from  initial  to  final  probability. 

Again  for  the  fixed  categories  of  broken  and  scat¬ 
tered  sky  cover  amount,  determinations  were  made  of 
the  probability  that  episodes  of  continuous  CLOS-30 
of  duration  t  would  be  observed  were  determined  using 
Eq.  5.  The  resultant  persistence  probability  estimates 
for  CLOS-30  assuming  xc  =  30  min,  are  shown  i  n  Fig. 
3.  Notice,  for  example,  with  scattered  sky  cover  the 
occurrence  frequency  of  CLOS-30  with  a  duration  of 
10  min  is  6.4  percent  as  compared  with  43.9  percent  for 
a  similar  1 0-min  episode  with  broken  sky  cover.  Equal 
estimates  of  1  percent  are  found  for  a  45-min,  CLOS- 
30  episode  with  scattered  sky  cover  and  a4-hr,  CLOS- 
30  episode  with  broken  sky  cover. 


TIME  IN  MINUIES 


Fig.  3.  Model  calculations  of  the  probability  that  a  cloudy 
path  of  sight  at  zenith  angle  30  deg  will  persist  for  time 
interval  t  for  broken  and  scattered  sky  cover. 
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5.0  SINGLE  SITE  CLOS  RECURRENCE 
AND  PERSISTENCE  PROBABILITY 


eo 


Let  us  direct  attention  now  to  estimates  of  the 
temporal  variability  of  CLOS-30  at  a  particular  site. 
The  first  step  in  the  determination  of  the  CFLOS-30 
recurrence  probability  is  to  calculate  the  climatic  fre¬ 
quency  distribution  of  sky  cover  for  that  portion  of  the 
data  base  when  CLOS-30  is  obsetved  at  the  site  and  the 
conditional  cumulative  probability  distribution  for  se¬ 
lected  time  intervals  following  the  CLOS-30  occur¬ 
rence.  A  sample  determination  using  Eq.  3  is  given  in 
Table  1.  In  this  case  the  climatic  frequency  distribution 
of  sky  cover  is  20  percent  overcast,  20  percent  broken, 
30  percent  scattered  and  30  percent  clear.  A  typical 
value  of  sky  cover  relaxation  time,  xs,  for  mid-latitudes 
of  16  hours  (Hering,  1989,  para.  4.3)  was  assumed  for 
the  trial  calculations.  Finally,  using  the  calculated 
conditional  frequency  distribution  of  sky  cover  for 
each  time  step  and  the  joint  occurrence  frequency  of 
CLOS-30  as  a  function  of  sky  cover  category  and  time 
interval  (Fig.  2),  determination  is  made  of  the  estimated 
frequency  that  CLOS-30  will  occur  and  then  recur  after 
time  interval  t.  The  results  for  this  case  are  given  in  the 
right  hand  column  of  Table  1 .  Shown  for  comparison 
in  Fig.  4  are  determinations  of  CLOS-30  joint  occur¬ 
rence  frequency  as  a  function  of  time  interval  for  sites 

Table  I.  Model  calculations  of  the  conditional  cumulative 
frequency  distribution  of  sky  cover  following  the  occur¬ 
rence  of  a  cloudy  path  of  sight  at  zenith  angle  30  deg.  The 
joint  occurrence  frequency  that  CFLOS-30  will  occur  and 
then  recur  after  time  inter 'al  t  is  given  in  the  right  hand 
column.  The  unconditional  climatic  frequency  distribution 
of  sky  cover  for  this  case  is  20  percent  overcast,  20  percent 
broken,  30  percent  scattered  and  30  percent  clear. 


TIME 

CUMULATIVE  FREQUENCY  | 

Joint 

Prob. 

CLOS-30 

OVERCAST 

OVC+BKN 

OVC+ 

BKN+SCD 

Min 

0 

0.518 

0.856 

1.000 

0.386 

5 

0.491 

0.827 

0.981 

0.343 

15 

0.479 

0.802 

0.966 

0.315 

30 

0.476 

0.785 

0.953 

0.293 

Hours 

1 

0.470 

0.762 

0.933 

0.274 

2 

0.452 

0.727 

0.906 

0.257 

4 

0.416 

0.674 

0.871 

0.240 

6 

0.387 

0.634 

0.845 

0.227 

9 

0.351 

0.587 

0.816 

0.211 

12 

0.322 

0.551 

0.794 

0.200 

18 

0.282 

0.502 

0.763 

0.183 

24 

0.256 

0.469 

0.743 

0.172 

48 

0.212 

0.415 

0.710 

0.154 

Fig.  4.  Probability  that  a  cloudy  path  of  sight  will  occur  and 
then  recur  after  time  interval  t.  Model  calculations  are 
shown  for  3  climatic  frequency  distributions  of  sky  cover:  a. 
40%  overcast,  20%  broken,  30%  scattered,  10%  clear;  b. 
20%  overcast,  20%  broken,  30  percent  scattered,  30%  clear; 
and  c.  0%  overcast,  20%  broken,  30%  scattered  and  50% 
clear. 

with  different  climatic  frequency  distributions  of  sky 
cover.  Fig.  4  serves  to  emphasize  the  strong  depen¬ 
dence  of  the  joint  occurrence  probability  on  the  cli¬ 
matic  sky  cover  distribution.  Notice  also  the  nearly 
exponential  decay  of  CLOS-30  joint  occurrence 
probability  with  increasing  length  of  time  interval  as 
given  by  the  model  estimates. 

A  similar  stepwise  process  is  followed  for  the  deter¬ 
mination  of  the  frequency  that  CLOS-30  will  occur  and 
then  persist  forprescribedintcrvals  of  time  at  a  particular 
site.  In  this  case,  however,  we  must  first  calculate  the 
persistence  probability  of  the  cumulative  sky  cover 
distribution,  and  in  turn  determine  the  frequency  of 
continuous  episodes  of  CLOS-30  using  the  persistence 
probability  of  CFLOS-30  as  a  function  of  sky  cover 
category  given  in  Fig.  3.  A  discussion  of  the  modeling 
procedures  as  applied  to  both  single  and  multiple  site 
determinations  of  CLOS  persistence  episode  probability 
is  given  by  Hering  (1989). 

Henceforth  for  convenience,  we  shall  refer  to  an 
episode  of  continuous  occurrence  of  CLOS-30  over 
time  interval  t  as  "downtime”. 

Model  dctcrminalionofdowntimecpisodc  frequency 
at  individual  sites  with  different  climatic  frequency 
distributions  of  sky  cover  arc  given  in  Table  2.  Again 
a  value  of  16  hours  was  assumed  for  the  sky  cover 
relaxation  time  and  30  min  for  the  cloud  clement 
relaxation  dine.  The  frequency  of  scattered  (30  per- 
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Table  2.  Model  calculations  of  the  probability  that  an 
episode  of  continuous  cloudy  line  of  sight  will  occur  as  a 
function  of  duration  for  selected  climatic  frequency  distri- 
butionsof  sky  cover.  Note  that  the  unconditional  probabilities 
of  broken  and  scattered  sky  cover  are  20%  and  30%,  re¬ 
spectively,  for  all  cases.  The  frequency  of  overcast  ranges 
from  0  to  40%. 


Overcast 

0 

10 

20 

30 

40 

Broken 

20 

20 

20 

20 

20 

Scattered 

30 

30 

30 

30 

30 

Clear 

50 

40 

30 

20 

10 

Min 

0 

0.186 

0.286 

0.386 

0.486 

0.586 

5 

0.117 

0.208 

0.303 

0.400 

0.500 

15 

0.076 

0.158 

0.248 

0.341 

0.438 

T3  30 

0.046 

0.120 

0.203 

0.292 

0.386 

c  Hours 
o  1 

0.021 

0.082 

0.156 

0.237 

0.326 

1  2 

0.006 

0.051 

0.113 

0.184 

0.265 

^  4 

0.001 

0.030 

0.076 

0.134 

0.204 

6 

0.000 

0.020 

0.056 

0.106 

0.167 

9 

0.000 

0.012 

0.038 

0.076 

0.127 

12 

0.000 

0.008 

0.026 

0.056 

0.099 

18 

0.000 

0.003 

0.013 

0.032 

0.061 

24 

0.000 

0.002 

0.007 

0.018 

0.039 

48 

0.000 

0.000 

0.001 

0.002 

0.007 

cent)  and  broken  (20  percent)  was  held  constant  at  all 
sites.  The  overcast/clcar  ratio  ranges  from  0/50  to  40/ 
1 0  in  the  assumed  sky  cover  frequency  distributions  at 
the  individual  sites  for  the  trial  calculations  of  down¬ 
time  frequency.  As  expected,  Table  2  shows  that  the 
climatic  frequency  of  overcast  relative  to  the  frequency 
of  clear  sky  conditions  exercises  predominant  control 
overthe  downtime  probability,  particularly  the  episodes 
of  long  duration.  Thus,  the  accuracy  of  model  estimates 
of  downtime  occurrence  probability  arc  critically  de¬ 
pendent  upon  good  definition  of  the  climatic  frequency 
dist  ibution  of  sky  cover  for  the  place,  time  of  year  and 
time  of  day  of  interest. 

6.0  MULTIPLE  SITE  OF  CLOS  RECUR¬ 
RENCE  AND  PERSISTENCE  PROBABILITY 

Let  us  define  “downtime”  for  multisite  calculations 
as  the  continuous  occurrence  of  CLOS-30  at  all  sites 
for  specified  intervals  of  time  t.  The  modeling  pro¬ 
cedures  used  for  the  multisite  downtime  probability 
determinations  are  described  in  Hcring  (1989).  First 
the  joint  occurrence  frequency  of  sky  cover  at  the  sites 
is  determined  using  Eqs.  2  and  3.  Then  the  persistence 
probability  of  the  joint  sky  cover  distribution  is  calcu¬ 
lated  using  Eq.  5.  Finally,  the  multisitc  downtime  is 
determined  using  the  calculated  occurrence  and  persis¬ 
tence  probability  of  CFLOS-30  as  a  function  of  sky 
covercatcgory  given  in  Fig.  3.  Although  the  sky  cover 


has  significant  correlation  over  rather  large  separation 
distances,  the  arrangement  of  clouds  over  2  sites  with 
partial  sky  cover  may  be  expected  to  be  independent 
over  separation  distances  greater  than  the  typical  sky- 
dome  diameterof  35  mi.  This  assumption  was  made  in 
the  modeling  procedure.  A  relaxation  distance,  d,  of 
500  mi,  (Hering,  1989,  para.  5.1)  appropriate  for  middle 
latitudes  was  used  for  the  trial  calculations. 


50  100  200  300  500  800  1500  3000 

400  600  1000  2000 
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Fig.  5.  Model  calculations  of  the  probability  of  joint 
occurrence  of  CLOS-30  at  2  sites  as  a  function  of  site 
separation  distance.  The  climatic  frequency  of  broken 
(30%)  and  scattered  (30%)  sky  cover  are  the  same  for  curves 
a,  b  and  c.  The  ovcrcast/clear  ratios  are  40/10, 20/30  and  0/ 
50  for  a,  b  and  c,  respectively. 

Shown  in  Fig.  5  are  the  model  determinations  of  the 
probability  of  the  joint  occurrence  of  CLOS-30  at  2 
sites  as  a  function  of  site  separation  distance  for  a  range 
of  climatic  frequency  distributions  of  sky  cover.  The 
sky-cover  cumulative  frequency  distributions  vary  from 
set  to  set  but  were  assumed  to  be  the  same  for  the  2 
stations  in  each  set. 

Notice,  for  example,  in  Fig.  5,  that  for  case  b  where 
the  climatic  frequency  of  overcast  is  20  percent  the 
joint  occurrence  frequency  of  CLOS-30  is  26  percent 
at  50  mi  and  decreases  rather  slowly  to  1 6  percent  for 
a  separation  distance  of  1000  mi.  Again  the  results 
show  the  predominant  influence  of  the  sky-cover  fre¬ 
quency  on  the  joint  CLOS-30  occurrence  probability. 

The  relative  sensitivity  of  the  occurrence  and  dura¬ 
tion  of  downtime  for  a  multisitc  network  to  the  number 
of  sites  in  the  network,  the  site  separation  distance,  and 
the  climatic  frequency  of  sky  cover  is  explored  in  the 
final  comparative  scries  of  model  determinations.  In 
all  cases  the  input  values  for  cloud-cover  and  cloud- 


element  relaxation  time  are  16  hours  and  30  min, 
respectively  (see  para.  4.0  and  5.0  above).  The  climatic 
frequency  of  broken  sky  cover  is  20  percent  and  scat¬ 
tered  sky  cover  is  30  percent. 

The  first  of  3  comparative  calculations,  shown  in 
Fig.  6,  depicts  the  probability  of  the  continuous  joint 
occurrence  of  CLOS-30  at  2  sites  with  a  separation 
distance  100  mi  as  a  function  of  duration  interval  for  2 
sky  cover  frequency  distributions  (overcast/clear  ra¬ 
tios  of40/10  and  20/30).  We  see  that  the  large  disparity 
in  downtime  frequency  due  to  sky  cover  distribution 
extends  to  very  long  duration  episodes. 


Fig.  6.  Comparison  of  downtime  frequency  as  a  function  of 
duration  for  particular  climatic  frequency  distributions  of 
sky  cover.  For  curve  a  the  overcast/clear  ratio  is  40/1 0  and 
for  curve  b  the  overcast/clear  ratio  is  20/30.  The  climatic 
frequency  of  broken  and  scattered  sky  cover  is  20%  and 
30%,  respectively,  for  both  a  and  b.  The  2-site  separation 
distance  is  100  mi.  in  both  cases. 


Fig.  7.  Comparison  of  downtime  frequency  as  a  function  of 
duration  for  1-,  2-,  and  3-  site  networks.  The  climatic 
frequency  of  sky  cover  is  20%  overcast,  20%  broken,  30% 
scattered  and  30%  clear.  The  site  separation  distance  is  1 00 
mi. 


Fig.  7  compares  downtime  frequency  for  a  single 
site  and  combinations  of  2  and  3  sites.  The  overcast/ 
clear  ratio  is  20/30  and  the  site  separation  distance  is 
100  mi  for  this  set  of  model  calculations.  The  results 
show,  for  example,  that  a  downtime  episode  of  30-min 
duration  has  an  indicated  probability  of  29  percent  for 
a  single  site  as  compared  to  1 0  percent  and  6  percent  for 
combinations  of  2  and  3-sites,  respectively,  with  the 
same  climatic  sky  cover  distribution. 

Finally  in  Fig.  8,  thccffcct  ofsitc  separation  distance 
on  downtime  probability  is  shown  for  a  pair  of  sites 
with  an  ovcrcast/clcar  ratio  of  20/30.  The  change  in 
downtime  probability  is  illustrated  for  a  factor  of  5 
increase  in  site  separation  distance  from  100  mi  to  500 
mi. 


Fig.  8.  Comparison  of  downtime  frequency  for  2-sites  as  a 
function  of  duration  for  site  separation  distances  of  1 00  and 
500  mi.  The  climatic  frequency  distribution  of  sky  cover  is 
the  same  as  for  Fig.  7. 

7.0  PRESENT  STATUS  AND  SUMMARY 

Modeling  procedures  for  estimating  the  climatic 
probability  of  episodes  of  cloud  obscured  lines  of  sight 
have  not  been  tested  extensively,  including  some  of  the 
procedures  used  in  Lilts  study.  Verification  using  actual 
data  is  presently  underway.  Abroadcxpcrimcntal  field 
program  of  minute  by  minute  measurements  oi  sky 
cover  is  being  carried  out  by  the  Marine  Physical 
Laboratory,  UCSD.  The  data  base  generated  by  the 
Whole  Sky  Imagery  (WSI)  network  will  enable  valida¬ 
tion  of  the  many  factors  involved  in  the  CLOS  model- 
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ing  process.  The  trial  calculations  made  in  this  study 
provide  a  first  approximation  of  CLOS  behavior  rela¬ 
tive  to  the  climatic  frequency  distribution  of  sky  cover. 
However,  certain  aspect.®  of  the  modeling  process 
remained  to  be  analyzed  and  refined  on  the  basis  of 
more  extensive  CLOS  data. 

The  relationships  between  CLOS  frequency  and  the 
zenith  angle  of  the  path  of  sight  will  be  examined  in 
detail  using  the  new  WSI  data  base.  Important  re¬ 
finements  include  the  definition  of  CLOS  dependence 
on  zenith  angle  as  a  function  of  cloud  type.  In  addition, 
it  is  important  to  take  a  close  look  at  the  relative 
importance  of  the  azimuthal  dependence  of  the  climatic 
frequency  of  CLOS  as  revealed  by  the  data  from 
individual  sites  in  the  WSI  network. 

The  temporal  and  spatial  variations  in  sky  cover 
have  been  analyzed  rather  extensively  using  the  con¬ 
ventional  climatic  data  base.  Thus,  the  uncertainties  in 
the  model  input  values  of  sky  cover  relaxation  time  and 
distance  and  the  resultant  impact  on  CLOS  probability 
estimates  can  be  estimated.  However,  themore  detailed 
WSI  network  data  are  necessary  for  comprehensive 
analysis  of  cloud-element  relaxation  time  as  defined  in 
paragraph  4.0,  and  its  variations  with  season  and  site 
location.  Yet  another  factor  requiring  study  is  the 
potential  variation  in  cloud-element  relaxation  time 
with  the  zenith  angle  of  the  path  of  sight.  As  shown  by 
time  lapse  sequences  of  ground-based  cloud  photogra¬ 
phy,  apparent  cloud  motion  overhead  is  more  rapid 
than  near  the  horizon. 

Although  all  these  factors  arc  important,  the  major 
determinant  of  the  frequency  of  downtime  caused  by 
continuous  occurrences  of  CLOS  is  the  prevailing  sky 
cover  distribution.  Accurate  estimates  of  CLOS  epi¬ 
sode  frequency  require  accurate  definition  of  the  cli¬ 
matic  frequency  distribution  of  sky  cover  for  the  site  or 
for  the  combination  of  sites  underconsideration  and,  of 
course,  the  variations  with  season  and  time  of  day.  It 


follows  that  the  variability  in  CLOS  frequency  that  can 
occur  in  a  given  month  from  one  year  to  the  next  arc 
determined  primarily  by  associated  variations  in  the 
observed  frequency  of  sky  cover.  To  the  extent  that  the 
extremes  in  sky  covcrdistribution  for  a  given  month  ol 
the  year  can  be  determined  from  existing  site  records, 
the  expected  extremes  in  CLOS  episode  frequency  can 
be  estimated  by  model  calculations. 
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